functionalities and participates in a variety of useful chemical reactions, 1 it does not occur in the 20 canonical amino acids. To harness the unique reactivity of aldehydes with hydrazine and hydroxylamine dyes for protein labelling, aldehyde tags have been introduced into proteins by oxidizing an N-terminal serine 15 or via enzymatic modifications of preinstalled substrate peptides.
2
The N-terminal oxidation approach can only be applied in vitro and the enzymatic approach is generally confined for the aldehyde installation at the two protein termini. To genetically encode the keto functionality at any chosen sites in a protein, 20 several ketone-containing non-canonical amino acids (NCAAs) have been designed and incorporated into proteins in living cells using the amber suppression approach. 3 However, a method for the genetic incorporation of an aldehyde-containing NCAA has not been developed. We are interested in a genetically encoded, 25 aldehyde-containing NCAA due to its superior reactivity with respect to ketone-containing NCAAs, and the observation that aniline can selectively enhance the reaction kinetics of the aldehyde-hydroxylamine/hydrazine condensation. In our previous studies, we revealed that a mutant pyrrolysyltRNA synthetase with mutations as N346A/C348A (PylRS(N346A/C348A)) recognizes a number of phenylalanine derivatives including meta-acetyl-phenylalanine (2 in Figure 1A ) 35 and, in coordination with tRNA , directs their genetic incorporation at amber mutation sites in Escherichia coli and mammalian cells.
5 Given the size similarity between 2 and metaformyl-phenylalanine (1), and the ability of this mutant enzyme in accepting diverse meta-substituted phenylalanine substrates, 40 we anticipated that this same mutant enzyme would also accept 1 as its substrate. To test this prospect, 1 was readily prepared in a high yield by a three-step synthesis ( Figure 1B) . Its acceptance as a substrate of PylRS(N346A/C348A) were then examined. An E. coli BL21(DE3) cell that harboured two plasmids, pEVOL- Dawson et al. previously showed that aniline could serve as an 70 excellent catalyst for speeding the imine formation of aldehydes with hydroxylamines and hydrazines. To demonstrate this catalytically rapid reaction on proteins, sfGFP with 1 incorporated at its N149 position (sfGFP-1) was expressed and then applied to a Förster resonance energy transfer (FRET)-based 75 kinetic investigation of its reaction with a coumarin dye 3, 3d, 6 in the presence of 100 mM aniline and at pH 7 using a fluorescence spectrophotometer ( Figure 1A) . 3 has an excitation wavelength at 417 nm and emits at 476 nm. Its emitted light falls in the range of excitation lights of sfGFP that emits at 510 nm. 7 The reaction 80 of sfGFP-1 with 3 will place 3 in a close locality of the sfGFP fluorophore for FRET. All kinetic analyses were carried out in pseudo-first-order conditions in which 3 was at least in 5-fold excess in comparison to sfGFP-1. Data collected under these conditions were well fitted to a single exponential increase equation = − × × , where F was the detected 5 fluorescent signal at a given time, F 1 was the final fluorescence, F 1 -F 2 was the background fluorescent signal, and k' was the apparent pseudo first-order rate constant ( Figure 3A) . The determined k' values were plotted against the concentrations of 3 and fitted to the equation = × + , where k was a 10 second-order rate constant for the reaction of sfGFP-1 with 3 (inset of Figure 3A) . 4, 8 We also carried out the kinetic analysis in the absence of aniline. However, no obvious signal changes were observed when 0.1 μM sfGFP-1 reacted with 4 μM 3 in a period of 2 h, indicating very slow kinetics of the sfGFP-1 reaction with 3 in the absence of aniline and at pH 7. We also tried much 20 higher concentrations of 3 to speed up the reaction rate. However, the background fluorescence from 3 in these conditions was too high to collect reliable data. As a comparison, a sfGFP variant with 2 incorporated at its N149 position (sfGFP-2) was also expressed and used for kinetic investigation of its reaction with 3 25 in the presence of 100 mM aniline and at pH 7. As shown in Figure 3A , at the tested conditions of 0.05 μM sfGFP-2 and 10 μM 3, no obvious signal increase due to the sfGFP-2 reaction with 3 was observed in a range of 30 min. The fluorescence decrease was caused by the bleaching effect of the excitation 30 light. The different labelling kinetics of sfGFP-1 and sfGFP-2 were 45 also examined by fluorescent imaging of SDS-PAGE analyzed 4-labelled products. Both sfGFP-1 and sfGFP-2 at 8 μM were incubated with 10 μM 4 in the presence of 100 mM aniline and at pH 7. Reactions were quenched at different times and analyzed by denaturing SDS-PAGE to remove the intrinsic fluorescence of 50 sfGFP. Fluorescent imaging of two proteins at different labelling times clearly showed that sfGFP-1 was efficiently labelled at 25 min but sfGFP-2 was minimally labelled even at 2 h. Labelling could also be achieved in the absence of aniline, though reaction times were significantly longer ( Figure S2) . Once again, sfGFP-55 1 showed superior labelling with respect to sfGFP-2. This result shows that, in systems where aniline may be toxic, labelling can still be achieved without it or at much lower concentrations.
With the demonstration of fast labelling kinetics of 1 with hydroxylamine dyes, we then proceeded to test the conditions for 60 labelling proteins that bear site-specifically incorporated 1 in living cells. Plasmid pEVOL-pylT-PylRS(N346A/C348A) and a previously constructed plasmid, pETDuet-OmpXTAG, were used to transform E. coli BL21 cells. The latter plasmid contained a gene coding for an E. coli outer membrane protein OmpX, 8b with 65 an AAAXAA (A denotes alanine and X denotes an amber mutation) insertion between two extracellular residues, 53 and 54. The transformed cells were grown in M9 minimal medium supplemented with 1% glycerol, 1 mM IPTG, 0.2% arabinose, and 2 mM 1 or 2 to express OmpX with 1 or 2 incorporated 70 (OmpX-1 or OmpX-2). Cells were then harvested and labelled with 4 in the presence of 100 mM aniline and at pH 7 for 1 h. After labelling, cells were washed with PBS buffer for six times to remove the residual dye and then imaged by fluorescent microscopy. Cells grown in the absence of 1 or 2 were used as 75 control. As shown in Figure 4 , 4 specifically labelled cells expressing OmpX-1 and OmpX-2 were observed, but not for cells in the control experiment. Although cells expressing OmpX-2 were fluorescently labelled, their intensities are weaker than those of cells expressing OmpX-1, indicating a slower labelling 80 kinetics of OmpX-2. However, we have found that this concentration of aniline is toxic to E. coli, which underscores the need for developing less toxic catalysts for this reaction.
In summary, we reported the genetic incorporation of a readily synthesized aldehyde-containing NCAA and demonstrated its fast labelling kinetics with hydroxylamine dyes in the presence of the aniline catalyst. This rapid labelling approach was also successfully applied to label a membrane protein on the E. coli 5 extracellular surface. Although genetically encoded ketonecontaining NCAAs were reported previously, labelling of proteins with these NCAAs typically suffers low labelling efficiencies, attributing to slow labelling kinetics of ketones. This work resolves this obstacle. Given that a large variety of hydroxylamine and hydrazine dyes are commercially available, as well as the existence of numerous aldehyde-based bioconjugation strategies, 9 we anticipate this approach will be quickly adopted by others for studies such as protein folding/dynamics, proteinligand interactions, high throughput drug discovery, etc.
